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Concepte

The total spesd of any heterogeneocus chemical converaion conslats of the
apeed with which ths reegents are transparted tc the place of reaction ané the
speed of the chemical reaction as suck. The spesl of the chemical conversicn
1s of particular interest to the chemiot -- for that reason tho Aiffusion ki-
netics of heterogensous chemical reactions in molution have, been neglected
hitherto, and no well developed juantitative cheary exists. An attempt is be-
ing made to fill this gap. 'This paper deals wath reactions at the solid-liguid
interphase far leminar flow; the second paper w.1l develop the theary for tur-
bulent flow; the third paper vill deal with reactions at the liquid-liquid
rather then golid-liquid interphase; and the fourth will analyze ceses of comi-
posite kinetics. .

In practice, a liguid wiich transports matter usually flows so fast that
the flow takes place at largs Reynolds' nmbers, for a hydrodynamic boundary
layer develops cn the surface of ihe s0lid and sometimes egeentially turbulent
conditions ars established.

Ritherto Nernst's theory of the moticnless diffusicn layer, vith'a con-
stant concentration in the body of 1iguid due to stivring, has bser used uui-
versally almost without change. The diffusion current (JS in sccordance with
that thecry can be expresssed mathematically as followst

. Co’— Cl
]:D S ’

C; = concenturaticn at the place of reaction, 1.e., on the surface ot the
golid. 1\Y

Co = concentre%ion at the outer boundary of the diffusion layer, whick
ie equal to the average concentration of the entire golntica.
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E) ='widun ol the aiffusica layer. C : R i

The valuee of 8 determined by experiment from observed valies of J are
found to be dependout upon the flow velocity u of the liquid, ite viacosity

end ihe diffuelon coefficlent D. Absclute values of of the crder
10-é - 10-k centinsters were found dy using the exrsgpion for Nerngt's dif-
fusion layer, while che actual layar thickness found from hydrodyrsmic experi-
ments 18 much emaller. The divergence between Nernst's theory and exporimental
results Lal Leen noted long ago, but the attempts to develop & new thaory((Ewcken,
Fran“-Eamenstakiy) $%§ Dot go far enongh. On the.other band, & theary dsyelupes
By the author in comnsction with the treatment of concentretion pelarizetica in
alectrolyeis {#f. Zhur. Fiz, Khim, Vo' 13, p 355, 1944) was found to be fully
applicable in the gensralized case rot involving ions.:

The camplicated egquaiions of Ravier-Stokes, which dsal with the stationary ) s
flow of viscous ligquids snd relete the velocity coamponents \/1 of the liquié - :
and the presmure (p) in it tc extermal forces scting upon the body of the lig- A
uid, can be counsideradly simplified to cover the canditions involvéd in this ) L
cage. At high Rsynolda® nuzbers, the flow can be regarded ae cemgigting of ’
two regions -- the region of nouviscous Tlow ut a digtance from tus solid euL - ey
face and the reglon of viscoue flow in direct rroximity to that asurface {(Pranmdtl . R
boundéary layer theary). : : R

Asguning thet the boundery layer is very thin (& condition corrsaponding : s
to the actual sta%e of affairs in this cage), it 1g obvious that ihe speed will o
changs rapldly in a direction perpendicular to the surface of the polid, dut not
along this surface. Directing the y axis perpendicularly to the wall, assuming
that the flow takes place along the x axis , and making & f2v further simplifica-
ticns, the equations of' Prandtl are cbtained from the Navier-Stokes equations.

Applying Prandtl's equetions to flat golid bodles ar those having a emall curva-
ture, the following vorking relationships are obtained for the effective thick-
ness of the boundery layer {g,) -
| |

&~ 3o N ¥ @

(W= rate o flou outside of ths bourdary layer) and for the components

of velocity- Qx*"'lg]l"' ceny
0

/y e (2\>
DAffusion doo’ary layer b

In formulating the basic equations vor the tranaport of ¢ aubstance to
e the reaction surface in & roving ligald, She po-callec Iyle'e wwaber (1ndi-
- catsd a8 Pe) can be introduced to advantege. Pekle's uumlor ig gimilar to
Roynolde' munber, oxcept that it meagures diffusicn ratvher than the flow of
.liquid. Comparing Pekle's number with Reynolds number, we obtain Prandtl'a
number (9). (2 I‘, _gt)l
@) Pzl LI p_N ®
In liquids Prandtl's number 1s a?fa‘ys large in comperison with unity. In

gnees, ou the other hand(flov of fluidin this case),Prandtl's number is of the
order of unity.

Becauss of the amall value of the diffusion coefficsent, Pekle's number
attaing large valuas even for the lowest velocities » éven when the correspond-
ing Reynolde’ number is still amall in comparison with uaity. Theretore, mo-

~ lecular diffusion in liquide may prectically always de digpegarded in compari-
© aoa with the comvective tregspart of a mmbetance. ¥ar large Pekle's m:.ra,
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tha azme r&saniag may bé applied to convective diffvaion es wag applied
weviously to the flow of a liquid arouad s body for largs Reynolds' nuw-
bere.

The concentration of the sbstance in tie main body of the enlutien 1g
congtent. However, this conditicn cannot cbtain et the reactlion surfacs. A
thin layer in which a rapid change of concontration takes place must exist
cloge to the weaction surface.

. Far large Pekle's numbere, the entire liquil mey be broken down intoc two
reglons, sy vas done far lorge Reynolds! numberg; i.e., She region of cometant
concentration remote from the reaction swrface and the region of rapid change
in conesntration boardering directly on this surfecse. The latter region, a
very thin layer _of liguid, is similer to the Prandtl boundary layer; the via-
cosity of the liquid, which ie bagically uulmpartant in tho flow volume,; plays
a pubatantial role in ths Prandtl beundary layer, while moleculur diffusion
appeéara In the liquid layer adjoining the reaction surface. This layer cen
be deascribed as the dirfuaion Yovmdary layer.

The concept of @iffusion boundsry layer iz chwicuzly a gensralizasioa
and refinement of Nernat's concept of a layer. The real difference in the
twe concepts 1a the fact that a liguid'e velocdty of flow in & 3iPfusion Do~
ary layer csn by no mesns be agsumed to equal zero. On tho comtrary, the 41f-
“fugion and convectlon flows of the substance here have the same order of valuea.
The diffusicn- boundary layer ig anelogous to the heat boundary layer in the
theary of heat transmisesion in liquids. There s, however, a real quantjtative
difference between thsm: the diffusion layer is several times thinner thea the
heat layer and therefore its other properties, for example, the spatisl distri-
bution of the substance, are different from the analogous properties of the heat
boundary layer.

In the diffusion process, the role of kinemstic viacority 1e usurpedly by the
coefficient of diffusion D which ig aumerically almoet & thousand times smaller.
Therefore, the diffusica boundary layer also must be conaiderably thinner than
the Prandtl boundary layer.

The talckness of the diffumeion layer is found to be

5==(§) 560 %3,

Thue, for Pr approximately 103, the thickness of the giffusion boundary
layer 1s approximately one-tenth the thickness of the Prandtl boundary layer.
Therefare, the tangential component of the liguid'e velocity of moticn at the
periphery of tho diffusion bonndary layer 1s only 10 perceat of the velocity
at a point remote from the solid gurface. The folloving relaticoship can be

derived:
4 oL,
s~D" VAV, )

Thie ghows that the thickness of the diffugicn boundary layer is
inversely proportional to the square root of the velocity U, of the imping-
ing flov and increeses in proportion to the aquare root of the distance x -
from the advance poin$ of the liguid flow to the body, the thickneses ig¢ also
dependent upon the liquid's viscosity and the coefficient of diffusion of the
particles (aee below).
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Calculaticas ghow that, in the diffusicn boundary layer, the couceatrating
of the solvtion increases rapldly and that tho incresse may be considered linsar
in the firct approximation.

Therefore, the expz'eseicn for diffusion cuxrrent may be represented approxi-
mately in the form g1z = DCo/Py 1-6., in tio see farm ap ia Nernstde thewry.

Now, howsver, 3 ie a8 campletely dsterrined fuaction of the liquidts prop-
ertiee and velocity.

The concentration distribution and the current msnitudz noy be found more

accurately from & precise solution of the eguation of comvective diffusion. 8gv-
eral wolutions of thie equation tor special applicetioms axre given belew.

®
Sowtions of Bquatiocns of Diffusign Kinetice
1. Convective Diffusion With Refarence to  Rotating Digk

Probleme 1n thia coanection are freguently encountered in slectro-
chemigtry. For the dereity of a diffueion current (J) at the surface of #

diek 1t could be ghown that
( =0 va@n\’ ‘\/m’ (¢)
:= .vw \ 4
J ay ¥=0
vhere () = angular velocity of the disk.
2. Convective Diffusion for Streamlike “low Pasiwng a Plate

(979
The full diffusion curreut (I;,) fon oue side of the plate vas found

AVNY :
Lo~ G258 ©)

to be

vhere C, {the so-cailed drag coefficient) represents a ratio of the frictionsl
furce tangential tc the plete to the dyncmic hesd aad can be expreased ag fol-

lovs Cf - L33 133 .
V Ev YV Re

3. Batural Convection at a Vertical Plate
In the preceding examples cases cf forced comvection were conaidered.
At high Prandtl nusdera, the follow expressions apply for the density of
the diffusion ourrent st the plate (J), thé full current (I), and the thick-
ness of tho diffusfon current (§¢) /1

. de C
~ | g($ecl | 1
7=0.54 (pr) {L O x’/f

¢
I*S‘fd@ =(0.7R (T’r) % g( m)c-c, te )y bl 7/
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tance from the lower edge of the plate and is only slightly dependent upon ths
concautretion of the golution.

4.  The Problem of Internal Flow, Particulerly in a Pipe

It 1s kmown that the parabolic profile of velozitles, which le typi-
cal of the Polgeille flow in pipes, ls established only in the so-cmlled exit
aection of the pips. At the entrance of the pipe a boundary layer is formed, -
the thicknese of which grows gradunlly in the entrance mection until the whols
cross section of the pipe 1s filied by the leyar, and further flow takes place
according to Polgrille. The length of the entrance section 18 by no maansg
emall -- to give an exsiple, it has the dimensions of 50 diamsiters at Re M\
2500, The sems conditions obtain in regard to diffusion, except that the smtrance
goction ie much longer and may extend over the whole length of the pipe. Fdr
the reglon of Poiseille flow 1t car be shown that

) ac LUNE o8
=D—= o | e
and I 5% %% arw> ()
RDzx

D
Q=
v _ I _
*@xpcmem; of X s unclear in the original; 4/3 appeare to be the logical

wot?

The &iffuwion boundery layer fille the whole crogs eectlon of the pipe at

L= -%32%733 £ K.

As PrNOa', the length of the entrance eection becomes so long thac it
mractically always extends over the whole length of the pipe.

Agreement With Experimental Data

In prior work done by the asuthor, good agreement was obtained in oxper s .
mente of zn elactrochemical nature. Eecause of the complex hydrodynamic condi-
ticn encountered there, this agreement vas quelitativé rather than quanitative.
In particular, the reason for the divergence of resulte obtained by various
authara on the problem of dspendence of diffusion current upoi velocity was
brought to light. Various authars pointed out the "potentisl" (exponential)
nat'we of thie dependence, but thoy differed on the value of the exponent, the
indices ranging from 0.5 to 1; this circumstance was due to the different de-
grees of turbulence in the various experiments. A comrarison was algo muds
vith experimental data on the dependence uf current upon coefficienta of &if-
fusion and viscoeity, gnod egreemsnt being found in this cass. Recsutly, Siver
conducted special measurements to expérimentally verify our formules far flow
around a rotating disk. These carefully conducted meapurements showed that the
theory for the disk is in gocd quanitative agreemsnt with experiment (cf. Yu.
Siver ani B. Kabenov, Zhur Fiz Khim, Vol 22, p 53, 1948). ’

Noaethelegs, a considerable part of ‘he relations obtained are 1n need of
further experimental verification, since the nheceasary experimental data are
not to be found in print. This reliates particularly to diffusion currents in

the region cf turbulent transpart of substance in the boundary layer aud at the
ictexphase liguid-gas. ’
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